The objectives of this study were to determine the effect of an increase in diet fermentability on 1) the rate and extent to which short-chain fatty acid (SCFA) absorption pathways adapt relative to changes in Na ϩ transport, 2) the epithelial surface area (SA), and 3) the barrier function of the bovine ruminal epithelium. Twenty-five Holstein steer calves were assigned to either the control diet (CON; 91.5% hay and 8.5% supplement) or a moderately fermentable diet (50% hay; 41.5% barley grain (G), and 8.5% supplement) fed for 3 (G3), 7 (G7), 14 (G14), or 21 days (G21). All calves were fed at 2.25% body weight at 0800. Calves were killed (at 1000), and ruminal tissue was collected to determine the rate and pathway of SCFA transport, Na ϩ transport and barrier function in Ussing chambers. Tissue was also collected for SA measurement and gene expression. Mean reticular pH decreased from 6.90 for CON to 6.59 for G7 and then increased (quadratic P Ͻ 0.001). While effective SA of the ruminal epithelium was not affected (P Ͼ 0.10) by dietary treatment, the net Na ϩ flux increased by 125% within 7 days (quadratic P ϭ 0.016). Total acetate and butyrate flux increased from CON to G21, where passive diffusion was the primary SCFA absorption pathway affected. Increased mannitol flux, tissue conductance, and tendencies for increased expression of IL-1␤ and TLR2 indicated reduced rumen epithelium barrier function. This study indicates that an increase in diet fermentability acutely increases Na ϩ and SCFA absorption in the absence of increased SA, but reduces barrier function. rumen epithelium; dietary adaptation; short chain fatty acid; Ussing chamber TO ACHIEVE A HIGH level of performance (e.g., milk production or body weight gain) from ruminants, diets rich in fermentable carbohydrates are commonly fed. Fermentation of carbohydrates in the reticulo-rumen yields short-chain fatty acids (SCFA), which serve as the primary energy substrate for ruminants (1, 8, 16) . Thus, there is an inherent challenge in that highly fermentable diets provide more potential energy for maintenance and productive outcomes but, also increase the potential for acid accumulation (6) and greater osmolality (38) in the rumen fluid, thereby increasing risk for ruminal acidosis. Exposure of the ruminal epithelium to hyperosmotic and acidic conditions independently (5, 6, 23, 33, 41) or simultaneously (24, 31, 62) reduces absorptive (25, 48, 62) and barrier functions (41, 62). Despite the negative effects associated with ruminal acidosis, absorption of SCFA contributes substantially toward the regulation of ruminal pH (6, 19). Thus, a comprehensive understanding of the regulatory factors affecting SCFA absorption and barrier function of the ruminal epithelium is needed.
maintenance and productive outcomes but, also increase the potential for acid accumulation (6) and greater osmolality (38) in the rumen fluid, thereby increasing risk for ruminal acidosis. Exposure of the ruminal epithelium to hyperosmotic and acidic conditions independently (5, 6, 23, 33, 41) or simultaneously (24, 31, 62) reduces absorptive (25, 48, 62) and barrier functions (41, 62) . Despite the negative effects associated with ruminal acidosis, absorption of SCFA contributes substantially toward the regulation of ruminal pH (6, 19) . Thus, a comprehensive understanding of the regulatory factors affecting SCFA absorption and barrier function of the ruminal epithelium is needed.
Previous studies have largely focused on promoting enlargement of the absorptive surface area by gradually increasing dietary fermentability (7, 16) as a mechanism of epithelial adaptation. However, it is clear that adaptation involves more than hypertrophy and hyperplasia of the ruminal epithelia, and current industry practices (58) successfully transition cattle to diets with greater fermentability more rapidly than recommended in the literature (7) . In alignment with industry practices, it has been reported that net Na ϩ absorption increased by more than 1.7 times within 1 wk following a moderate increase in diet fermentability, a timeline that did not affect tissue dry weight and, therefore, should not result in increased absorptive surface area (17) . These authors suggested that adaptation of the ruminal epithelia involves acute functional changes in the existing cells and that proliferation occurs as a delayed response to increase the absorptive surface area. Supporting the suggestion of functional adaptation, 48 h of feed deprivation (22) and short-term feed restriction [5 days at 25% of ad libitum dry matter intake (64) ] have been reported to markedly reduce SCFA absorption across the reticulo-rumen. It should be noted that the duration of both the above-mentioned treatments (22, 64) should not influence the absorptive surface area and, hence, changes in SCFA absorption are likely attributable to changes in the functional capability of the existing cells. Others have observed increases in gene expression for transporters and enzymes involved in SCFA absorption, metabolism, and regulation of intracellular pH in ruminal tissue when ruminants were exposed to diets with greater fermentability (42, 43, 56, 63) . Collectively, these studies have indicated that the initial adaptive response of the rumen epithelia is mediated by functional changes of individual cells prior to morpholog-ical changes. However, the timeline involved for this adaptation process has not been well defined and has, to date, only been investigated for Na ϩ absorption. Although the timeline for an increase in Na ϩ absorption across the rumen epithelium has been reported (17) , several gaps remain. Firstly, Na ϩ absorption is driven by an electrochemical gradient generated by the Na ϩ /K ϩ ATPase: an energydependent process. Past work has demonstrated that, for the rumen epithelium, Na ϩ absorption is coupled with SCFA absorption, and factors that increase SCFA absorption, such as increased SCFA concentration, also increase Na ϩ absorption (52) . However, increasing Na ϩ concentration does not exert an influence on SCFA absorption (52) . The coupling of SCFA and Na ϩ uptake is likely mediated by lipophilic diffusion (i.e., passive diffusion) of undissociated SCFA across the phospholipid cell membrane and the requirement to regulate intracellular pH by removing the free H ϩ from the cytosol (6, 13, 19, 35, 63) , primarily by Na ϩ /H ϩ exchanger 3 (NHE3) (44) . It is important to note that the H ϩ removal mechanisms rely on the Na ϩ gradient driven by the Na ϩ /K ϩ -ATPase. Thus, an increase in net Na ϩ absorption may be driven by an increase in SCFA absorption and must be coupled with increased supply or metabolism of energetic substrates such as SCFA.
Absorption of SCFA across the apical membrane of the ruminal epithelia occurs via passive diffusion (4, 6, 14, 51) , in exchange for bicarbonate in an electro-neutral facilitated transport process (4, 6, 40, 52) and through facilitated transport via a nitrate-sensitive pathway (4, 13, 40) . Proportionally, it appears that at least 50% of the SCFA uptake occurs via proteinmediated processes (4, 40) and that the reliance on SCFA Ϫ / HCO 3 Ϫ exchange increases with increasing SCFA concentration (4) . Given the risk for depressed ruminal pH during dietary transition and that the pathway for SCFA absorption differentially contributes to the stabilization of ruminal pH (6, 19, 40) , it is important to understand how individual pathways are affected during adaptation to a diet with greater fermentability.
Maintenance of selective permeability is required to promote directional movement of ions. A classical example is that in the absence of a concentration gradient, the mucosal-to-serosal flux of Na ϩ is greater than the serosal-to-mucosal flux resulting in net absorption (24) . However, conditions that compromise barrier function increase the serosal-to-mucosal flux without a corresponding change in the mucosal-to-serosal flux and consequently decrease the net absorption. Selective permeability is also essential to regulate the passage of potentially harmful molecules, such as lipopolysaccharide and histamine, from entering arterial circulation. There is a discrepancy in the literature for whether barrier function of the rumen epithelium increases (17, 33) or decreases (29, 31) when ruminants are exposed to diets with greater fermentability. Part of the discrepancy may be based on the level and type of concentrate fed and the duration of time animals were fed the concentrate prior to assessing barrier function. Thus, understanding the timeline involved for adaptation of epithelial barrier function is an important concept in ruminant gastrointestinal physiology.
We hypothesized that the rate of ruminal epithelial adaptation to a moderately fermentable diet would occur rapidly, with functional changes (increases in protein-mediated movement of SCFA, increases in transport of sodium, and improved barrier function) occurring in the absence of increases in the absorptive surface area of the ruminal epithelium. The aim of this study was to determine the rate and degree for which the ruminal epithelium adapts to a moderate increase in diet fermentability. We used changes in the absorptive surface area, transport rate and pathway for SCFA absorption, rate of Na ϩ transport across the ruminal epithelium, and measurements of barrier function as key indicators of the adaptive process. In addition, transcript abundance for proteins involved in SCFA and Na ϩ transport and local inflammatory responses were assessed.
MATERIALS AND METHODS
All experimental procedures were preapproved by the University of Saskatchewan Animal Research Ethics Board (protocol no. 20100021).
Animals, Feeding Regimen, and Housing
Twenty-five weaned Holstein steer calves (213 Ϯ 23.0 kg; ϳ5 to 7 mo of age) were used in this study. At the start of the study, all calves were group housed and fed a common high-forage diet (92% grass hay, 8% vitamin and mineral supplement) for at least 5 wk. Calves were blocked by body weight and assigned to 1 of 2 dietary treatments, including the control diet (CON; n ϭ 5) or a moderately fermentable diet (n ϭ 20). The control diet contained 91.5% hay and 8.5% vitamin and mineral supplement and the moderately fermentable diet contained 41.5% barley grain, 50% hay, and 8.5% vitamin and mineral supplement. Calves assigned to the moderately fermentable diet received the diet for 3 [grain (G)3; n ϭ 5], 7 (G7; n ϭ 5), 14 (G14; n ϭ 5), or 21 days (G21; n ϭ 5). Diets were formulated to meet calf nutrient requirements (36) with a growth of 0.5 kg/day. The CON diet contained 87.3% dry matter (DM), 10.6% crude protein (CP), 48.4% neutral detergent fiber (NGF), 33.3% acid detergent fiber (ADF), 92.1% organic matter (OM), 4.1% starch, and 1.4% ether extract and for G3, G7, G14, and G21 were 87.9% DM, 11.4% CP, 33.5% NDF, 20.9% ADF, 93.6% OM, 24.6% starch, and 1.5% ether extract. All calves were fed at 2.25% BW at 0800 and dry matter intake (DMI) was recorded daily. Calves were housed individually in pens (12.2 m 2 ) with rubber mats on the floor for 7 days prior to initiation of the feeding protocol. One calf was killed each day with the order of killing balanced among treatments over time. Calves were killed by captive bolt stunning followed by pithing and exsanguination at 1000 (2 h after feeding) on the last day of the assigned feeding period.
Data and Sample Collection
Reticular pH. Reticular pH was measured every 5 min for 48 h prior to killing using the small ruminant pH measurement system [(39); Dascor, Escondido, CA]. The pH system was orally dosed at the start of the measurement period and recovered from the reticulum when the digestive tract was removed. Given that calves were killed within the research facility and that the digestive tract was removed from the calf while positioned on the floor, it is expected that there was no migration of the pH system post mortem. Pre-and postmeasurement standardizations were carried out using pH buffers 7.0 and 4.0 at 39°C. The linear equations derived using the relationship between millivolt readings in pH buffer solutions 7 and 4 at both the starting and ending standardizations were used to calculate reticular pH assuming linear drift over time.
Blood collection and analysis. Two blood samples (10 ml each) were drawn from the jugular vein immediately before killing. One blood sample was collected into a lithium heparin (158 IU units) -coated Vacutainer tube [Becton Dickinson (BD), Franklin Lakes, NJ], and the other into a silica-coated clot-activating Vacutainer tube (BD) to retrieve plasma and serum, respectively. Samples were immediately placed on ice until centrifuged at 1,800 g for 15 min at 4°C, from which serum and plasma were collected and subsequently stored at Ϫ20°C until analysis of plasma glucose and insulin and serum ␤-hydroxybutyric acid (BHBA). Plasma insulin was measured in triplicate using a bovine-specific insulin ELISA kit (Mercodia, Uppsala, Sweden). Plasma glucose (Sigma-Aldrich, St. Louis, MO) and BHBA (Roche Diagnostics, Laval, QC, Canada) were quantified using commercial kits (43) . Each sample was run in triplicate.
Rumen tissue and fluid collection and analysis. Immediately after killing, the abdominal cavity was opened and rumen epithelial tissue (300 cm 2 ) was collected from the caudal dorsal blind sac of the rumen. The caudal dorsal blind sac was selected for the homogenous nature for the density and size of the rumen papillae. The use of this region is supported by the findings that site of collection within the rumen has no effect on the rate and end products arising from SCFA metabolism in isolated cells in vitro (59) . The tissue was washed until clean with a preheated (38.5°C) buffer (pH 7.4; Table 1 ) gassed with carbogen (95% O 2 and 5% CO2). Subsequently, the submucosal tissue was gently stripped from the epithelium. The epithelial tissue was then placed in fresh buffer, transported to the laboratory, while being continuously gased (ϳ5 min). In the laboratory, tissue was cut into 3 ϫ 3 cm pieces and mounted between two halves of an Ussing chamber (Free University of Berlin, Berlin, Germany) with an exposed surface area of 3.14 cm 2 . Additional whole rumen tissue (10 cm 2 ; preserved in 10% formalin solution) was collected from the ventral sac for analysis of papillae density and surface area measurements. Furthermore, mucosal biopsies from the ventral sac were collected using sterile forceps and scissors. Biopsies were rinsed in sterile ice-cold PBS (pH 7.4) until clean, cut finely, and placed in RNAlater (Sigma-Aldrich). These mucosal tissue biopsies were held at 4°C for 24 h, and then stored at Ϫ20°C until analyzed for gene expression. Rumen fluid [10 ml preserved in 2 ml of 25% (wt/vol) metaphosphoric acid] was collected by straining a representative sample of rumen digesta through two layers of cheesecloth. Rumen fluid was placed on ice and stored at Ϫ20°C until analyzed for SCFA concentration, as described by Khorasani et al. (28) , using gas chromatography (Agilent Technologies, Santa Clara, CA). The pH of the strained digesta was recorded using a portable pH meter (Accumet AP110, Fischer Scientific, Ottawa, ON, Canada) to assess ruminal pH relative to reticular pH.
Rumen papillae density and dimension determination. A 1-cm 2 piece of whole rumen tissue collected from the ventral sac that was preserved in formalin was used to determine the density of large and small papillae. The papillae were classified as either small (papillae that were less than half the size of the papillae in each biopsy) or large papillae (papillae that were half or greater than half of the size of papillae in each biopsy) for each tissue segment. Fifteen large papillae per biospy were cut at the basal attachment using a dissecting 
Values for osmolality are expressed as means Ϯ SE. Buffer compositions are given in mM unless otherwise specified. a Buffer for washing tissue at time of collection and subsequent transport to the laboratory, and sodium and mannitol ex vivo Ussing chamber experiments. Antibiotics were not included in the wash/transport buffer, but were for the sodium/mannitol buffer.
b Ussing chamber buffer for determination of total acetate and butyrate flux in the presence of bicarbonate (bicarbonate-dependent flux).
c Ussing chamber buffer for determination of acetate and butyrate flux in the absence of bicarbonate (bicarbonateindependent flux).
d Ussing chamber buffer for determination of acetate and butyrate flux in the absence of bicarbonate but the presence of nitrate (bicarbonate-independent nitrate-sensitive flux).
e Carbogen gas (95% O2 and 5% CO2). f Oxygen gas.
microscope (Wild M8 Heerbrugg microscope, Heerbrugg, Switzerland) and scalpel. Excised papillae were used for surface area measurements using an Olympus SZ61 microscope (Olympus, Tokyo, Japan) equipped with an Olympus DP25 camera (Olympus). Images were captured at magnification values ranging from 1.2 to 2.5 times depending on papillae size. Papillae length, width, and perimeter were measured using Image-Pro Plus 7.0 (Media Cybernetics, Silver Spring, MD) software. The area within the papillae perimeter was determined and multiplied by 2 to calculate papillae surface area. Effective surface area was calculated as the large papillae surface area multiplied by the number of large papillae/cm 2 (mm 2 /cm 2 ). Ussing chamber experiments. Within 30 min after killing, rumen epithelia from the caudal dorsal blind sac from each calf were mounted in a total of 18 Ussing chambers with an exposed surface area of 3.14 cm 2 . All tissues were incubated under short-circuit conditions using a computer-controlled voltage-clamp device (Dipl.-Ing. K. Mussler, Scientific Instruments, Aachen, Germany). After mounting, an additional 20 min were allowed for stabilization of tissue conductance (G t) and short circuit current (Isc). For all Ussing chamber measurements, tissues within a buffer treatment were assigned randomly to treatments except for Na ϩ , in which tissues were paired only when G t differed by less than 20%.
The composition of the buffers used for washing and transporting ruminal tissue at the time of collection and for the measurement of Na ϩ , mannitol, and SCFA flux are shown in Table 1 . Current established pathways of SCFA transport include bicarbonate-dependent anion exchange, bicarbonate-independent nitrate-sensitive transport, and bicarbonate-independent nitrate-insensitive transport (4). The latter is assumed to equate to passive diffusion. Thus, buffers were formulated to determine the maximal SCFA transport by omitting Cl Ϫ . Previously, Aschenbach (4) demonstrated that rates of acetate and propionate uptake could be inhibited with Cl Ϫ concentrations at or greater than 40 mM, presumably due to competitive inhibition. Thus, for all buffers used for SCFA flux measurements, Cl Ϫ was omitted as an approach to measure the noninhibited SCFA flux. Furthermore, the bicarbonate-independent SCFA flux was measured by preparing buffer solutions that did not contain bicarbonate and also contained a carbonic anhydrase inhibitor (acetazolamide). This approach allowed for the inhibition of transport pathways relying on bicarbonate, such as for SCFA Ϫ /HCO 3 Ϫ exchangers without the inclusion of Cl Ϫ . Thus, the bicarbonate-dependent flux was determined by subtracting the bicarbonate-independent flux from the noninhibited flux. Likewise, nitrate was added to the Cl Ϫ -free buffer that did not contain bicarbonate to evaluate the bicarbonate-independent nitrate-insensitive flux (passive diffusion) and by difference, calculate the bicarbonate-dependent nitrate-sensitive flux. This approach has been described by Aschenbach et al. (4) and Penner et al. (40) . In addition, past work has clearly shown that SCFA absorption occurs transcellularly (51) , and thus, the paracellular movement of SCFA was not specifically assessed in this study.
All buffers were maintained at 38.5°C using circulating water jackets and buffer solutions were mixed by gas lift. The serosal and mucosal buffer solutions were formulated to mimic physiological conditions at pH 7.4 and 6.2, respectively. Buffers containing bicarbonate were gased with carbogen (95% CO2 and 5% O2), and buffers not containing bicarbonate were gassed with 100% O2. The pH of the serosal and mucosal buffer was adjusted accordingly with 1 M NaOH or 3 M gluconic acid. All Ussing chamber buffers contained broadspectrum antibiotics [penicillin G Na ϩ salt (60 mg/l), kanamycin sulfate (100 mg/l), and flurocytosine (50 mg/l)] to inhibit microbial activity. Buffer antibiotics and chemicals were purchased from SigmaAldrich, 1-14 C-butyrate was purchased from Moravek Biochemicals (Moravek Biochemicals, Brea, CA), and all other radiolabeled chemicals were purchased from Perkin Elmer (Woodbridge, ON, Canada).
Sodium flux. For each calf, the mucosal-to-serosal flux (JMS-Na; two chambers) and serosal-to-mucosal flux (JSM-Na; two chambers), and Na ϩ flux across the ruminal epithelium was measured in the absence of a Na ϩ concentration gradient. Tissues assigned to JMS-Na and J SM-Na were paired only when Gt differed by less than 20% to determine the net Na ϩ flux (Jnet-Na; calculated as the difference between the J MS-Na and JSM-Na). Labeled Na ϩ (80 kBq 22 Na ϩ /15 ml) was pipetted into either the mucosal or serosal column, and tissues were allowed to equilibrate for 45 min prior to the first sample collection to measure Na ϩ flux (50) . A 1-h flux period was used to measure Na ϩ flux. Hot samples (taken from the same side as radioactivity addition; 100 l each) and cold samples (taken from the opposite side of radioactivity addition; 500 l each) were collected at the beginning and end of the sampling period.
Mucosal-to-serosal SCFA flux. For each calf, 12 Ussing chambers were assigned to 1 of 3 buffer solutions: 1) containing HCO 3 Ϫ , 2) free of HCO 3 Ϫ , or 3) free of HCO 3 Ϫ and containing 40 mM nitrate, as described by Aschenbach et al. (4) and Penner et al. (40) . The incubation conditions were used to determine the rate of total, bicarbonate-independent, and bicarbonate-independent nitrate-insensitive mucosal-to-serosal flux of acetate (J MS-acetate) and butyrate (JMS-butyrate), as described by Aschenbach et al. (4) and Penner et al. (40) . Briefly, the total J MS-acetate and JMS-butyrate was determined in bicarbonate-containing buffer, and the bicarbonate-dependent flux was calculated as the difference between total flux and the flux in bicarbonate-free buffer. Nitratesensitive flux was determined as the difference between the flux measured in bicarbonate-free buffer and the bicarbonate-free buffer with 40 mM nitrate. The bicarbonate-independent nitrate-insensitive flux was determined as the flux occurring when incubated in bicarbonate-free buffer containing 40 mM nitrate.
In addition, half of the chambers assigned to measure JMS-acetate and JMS-butyrate were further assigned to one of two acetate and butyrate concentration treatments: 10 mM (low; n ϭ 6) and 50 mM (high; n ϭ 6), where equimolar concentrations (low ϭ 5 mM acetate and 5 mM butyrate and high ϭ 25 mM acetate and 25 mM butyrate) of acetate and butyrate were added only to the mucosal side. For all incubations, 2-3 H-acetate (37 kBq 3 H-acetate/15 ml) and 1-14 Cbutyrate (74 kBq 14 C-butyrate/15 ml) were added to the mucosal column; thus, both SCFA were measured in parallel. After the addition of 3 H-acetate and 14 C-butyrate, tissues were provided with a 45-min equilibration period, followed by a 1-h flux period. Hot and cold sample methods and volumes were performed as described above for Na ϩ flux samples. Barrier function. The flux of mannitol (74 kBq 1-3 H-mannitol/15 ml) was measured on tissue from each calf as an indicator of paracellular permeability, and thus, barrier function, of the epithelial tissue (41) . The serosal-to-mucosal flux (JSM-mannitol; two chambers) of mannitol was measured with a 20-mM gradient from the serosalto-mucosal side. Tissues were allowed a 45-min isotope equilibration period prior to the first sample collection, which was followed by three 1-h flux periods interspersed by two 30-min treatment application periods. Hot samples (100 l) were collected at the beginning and end of the entire sampling period, whereas cold samples (500 l) were collected at the start and end of each flux period. All cold samples were replaced with 500 l of fresh buffer solution to avoid changes in volume and hydrostatic pressure. The first flux period was used to measure baseline (BASE) flux rates under control conditions followed by a 30-min duration to apply an acidotic and hyperosmotic challenge on the mucosal side. The mucosal pH was reduced to 5.2, and osmolality was increased to 450 mosmol/kgH2O by addition of 200 l 3M gluconic acid and 0.41 g mannitol (41) . The second flux period was used to evaluate mannitol flux, while the tissue was exposed to the hyperosmotic and acidotic challenge (CHAL). Following the CHAL, the mucosal buffer solution was then drained, and fresh buffer solution was added to return conditions to that imposed during BASE, allowing for the evaluation of recovery (REC) under control conditions. A 30-min equilibration period was provided before the start of the REC flux period. This ex vivo challenge model was used to simulate rumen acidosis ex vivo and follows the procedures previously reported by Penner et al. (41) and Wilson et al. (62) .
Quantitative Real-Time PCR
Ruminal tissue was homogenized and RNA was extracted using TRIzol reagent (Invitrogen, Burlington, ON, Canada). The RNA concentration was quantified using a NanoDrop 2000c Spectrophotometer (Thermo Scientific, Waltham, MA). The average RNA concentration was 1,492 Ϯ 1,318 ng of RNA/l, and the quality of RNA was confirmed acceptable as measured by the ratio of absorbance at 260:280 nm, where the ratio was 2.06 Ϯ 0.11. Concentrated RNA samples were diluted with RNase-free water to yield a final concentration of 500 ng/l and used for cDNA synthesis using the GoScript Reverse Transcription System (Promega, Madison, WI). The forward and reverse primers used in this study were designed using PrimerQuest software (Integrated DNA Technologies, Coralville, IA) or sourced from previously published literature. Target genes of interest and their corresponding NCBI accession number, forward and reverse primer sequences, general function, and source are shown in Table 2 . Quantitative real-time PCR (qPCR) was performed on all samples in duplicate using a Stratagene Mx3005P real-time PCR system (Agilent Technologies) and GoTaq qPCR Master Mix (A6002; Promega, Madison, WI). There was a 10-min activation period prior to the start of PCR (95°C), followed by 40 cycles, consisting of denaturation (30 s at 95°C), annealing (60 s at 58°C), and elongation phases (60 s at 72°C). For each calf, the cycle threshold (C T; number of cycles required for fluorescent signal to cross the threshold) value for the reference gene, GAPDH, was subtracted from the CT value for each target gene to calculate ⌬CT. To ensure consistency across each PCR plate, the same mixture of cDNA was run on each plate to evaluate interassay variation. The interassay coefficient of variance was 3.21% Ϯ 0.30. Gene expression fold change was calculated using ⌬C T and assuming a 100% PCR efficiency (32) . The range in efficiency for the primers was between 91.8 and 111.9%, with a mean of 102.6%. The corrected fold change value for each target gene and each diet treatment (CON, G3, G7, G14, and G21) was then normalized to the CON.
Statistical Analysis
All statistical analyses were carried out using the mixed procedure of SAS (SAS v. 9.3 Institute, Cary, NC). All data were analyzed as a randomized complete block design with polynomial contrasts used to evaluate whether adaptation to dietary change responded in linear, quadratic, or cubic patterns. For in vivo data, the model included the dietary treatment and block as fixed effects. The relationship between ruminal and reticular pH at time of kill was evaluated by linear regression. When treatments were applied ex vivo (e.g., low vs. high SCFA concentration), the model was the same as described above except that ex vivo treatment was included as a subplot factor (fixed Table 2 GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TLR2, TLR4, Toll-like receptor-2, 4; ACAT, acetyl-CoA acetyltransferase; MCT1, monocarboxylate transporter-1; IGFBP-3, IGFBP-5, insulin-like growth factor binding protein-3,-5; NHE1, NHE3, sodium-hydrogen exchanger-1, -3; GPR41, GPR43, G-protein coupled receptor-41, -43; TNF␣, tumor necrosis factor-␣; IL, interleukin; F, forward primer; R, reverse primer. effect) as per a split-plot design, and the interaction between the ex vivo SCFA concentration treatment and in vivo dietary treatment was tested. Furthermore, to confirm that the results for G t and Isc were a result of the ex vivo low-and high-SCFA treatment imposed, the Gt values prior to acetate and butyrate administration (20 min following the start of Ussing chamber incubation) were compared post hoc. For barrier function, ex vivo period (BASE, CHAL, and REC) was included as a fixed effect and a repeated-measures statement was used to account for autocorrelation among samples, and data were collected from the same tissue over time. The Bonferroni post hoc mean separation test was used to compare the ex vivo period effect for barrier function measurements. In all cases, treatment differences were considered to be significant when P Ͻ 0.05. Data are reported as means Ϯ SE.
RESULTS

Body Weight, Dry Matter Intake, and Reticulo-Rumen Fermentation
Body weight and dry matter intake (DMI) were not affected by treatment (P Ն 0.429 and P Ն 0.469, respectively; Table 3 ), allowing for the interpretation of data without the confounding effect of DMI. However, minimum and mean reticular pH decreased from 6.57 and 6.90 for CON to 6.08 and 6.59 for G7 and increased thereafter, resulting in minimum and mean pH values of 6.31 and 6.79 for G21 (quadratic; P Ͻ 0.001). Maximum reticular pH also decreased from 7.22 for CON to 7.05 for G7 and increased thereafter to 7.19 for G21 (quadratic; P ϭ 0.013).
Admittedly, most past studies have measured ruminal pH; however, ruminal pH measurements are either obtained using animals fitted with a ruminal cannula or from spot-sample measurements collected after killing. We used calves that were not surgically modified and an orally administered pH measurement system that was recovered in the reticulum. The accuracy and precision for this system have previously been validated, and the concordance correlation between spot samples and the indwelling pH system was reported to be 0.95 and 0.96 in two separate validation experiments (39) . To evaluate whether reticular pH can be used as an indicator of rumen pH, regression analysis was performed using rumen pH spot samples collected immediately after slaughter and the 10-min average of reticular pH corresponding to the same time point. The results show that ruminal and reticular pH were positively correlated ( Fig. 1 ; regression equation, reticular pH ϭ 0.67968 ϫ rumen pH ϩ 2.28566; R 2 ϭ 0.5556; P Ͻ 0.001), indicating that it may be possible to predict rumen pH with reticular pH. Using the equation listed above, we can predict the mean rumen pH for CON, G3, G7, G14, and G21 to be 6.79, 6.60, 6.33, 6.48, and 6.63, respectively.
Total ruminal SCFA concentration was not affected by the duration of time that calves were fed the moderate-grain diet, averaging 84.1 mM (P Ն 0.250; Table 3 ). This finding was surprising given the large changes in reticular pH from CON to G7 and G21. However, when pH values from the indwelling Fig. 1 . Linear regression of ruminal pH measured using a hand-held pH meter at the time of killing and the 10-min average of reticular pH prior to killing measured using an indwelling pH measurement system. pH probe were plotted over 48 h prior to death (Fig. 2) , reticular pH was lowest at 1400. This suggests that peak fermentation would not have occurred until 4 h after the time of rumen fluid collection, which may explain the lack of effect of diet on total SCFA concentration from rumen fluid collected at 1000. Furthermore, the molar proportion of acetate decreased cubically (P ϭ 0.008) from 67.8% for CON to 63.6% for G7, followed by an increase to 64.0% for both G14 and G21. The molar proportion of butyrate increased quadratically (P ϭ 0.008) from 9.6 for CON to 13.0% for G14 with a slight decrease to 11.9% for G21. Valerate and caproate increased linearly with increasing days fed the moderate-grain diet (P ϭ 0.019 and 0.011, respectively). Treatment did not affect propionate (P Ն 0.117), isobutyrate (P Ն 0.269), and isovalerate (P Ն 0.460). These results show that although total SCFA concentration was not affected, fermentation patterns were influenced.
Rumen pH
Reticular pH
Plasma Glucose, Insulin, Serum BHBA and Plasma Osmolality
To evaluate whether dietary adaptation affected plasma metabolites, insulin, and osmolality, blood samples were collected immediately before killing. Plasma glucose concentration increased from 68.6 mg/dl for CON to 76.7 mg/dl for G21 (linear P ϭ 0.012; Table 4 ), suggesting an increase in substrate supply for gluconeogenesis or possibly direct absorption of glucose. Plasma insulin concentration did not respond similarly to glucose as the concentration increased from 0.42 for CON to 1.09 g/l for G3 and decreased thereafter to 0.54 g/l for G21 (cubic P ϭ 0.016). Dietary treatment did not affect serum BHBA concentration (P Ն 0.391) despite changes in ruminal butyrate concentration. Plasma osmolality was not affected (P Ն 0.210).
Papillae Density and Surface Area
As the objective of this study was to evaluate functional adaptation, it was essential to determine whether changes in papillae density, papillae dimensions, and effective absorptive surface area were affected under our experimental model. Papillae density in the ventral sac was not affected by diet (P Ն 0.130; Table 5 ), nor was the density of small papillae (P Ն 0.130). However, there was an increase in the density of large papillae (cubic P ϭ 0.011) from 80 for CON to 96 papillae/cm 2 for G21 with the greatest density being 101 papillae/cm 2 for G7. The duration of time consuming the moderate-grain diet did not affect large papillae length (P Ն 0.230), width (P Ն 0.161), perimeter (P Ն 0.237), or two-dimensional surface area (P Ն 0.248). To account for both large papillae surface area and the density of large papillae, we calculated the effective surface area (mm 2 /cm 2 ) and found that it did not differ among treatments (P Ն 0.196). While we did observe changes in papillae density, the lack of an effect for effective surface area provides sufficient evidence to indicate that changes observed for J MS-acetate , J MS-butyrate , J net-Na , and J SM-mannitol were due to functional changes in the tissue rather than increases in surface area.
Na ϩ Flux
The duration of time consuming the moderate-grain diet tended to increase (quadratic; P ϭ 0.051 and cubic; P ϭ 0.070) J MS-Na from 1.84 for CON to 2.58 Eq/(cm 2 ϫ h) for G21 with maximum Na ϩ flux at 3.53 Eq/(cm 2 ϫ h) for G7 ( Table 6 ). The J SM-Na linearly increased from 0.69 for CON to 1.28 Eq/(cm 2 ϫ h) for G21 (P ϭ 0.020). Although there were increases for both J MS-Na and J SM-Na , the J net-Na increased (quadratic P ϭ 0.016) from 1.15 for CON to 1.30 Eq/(cm 2 ϫ h) for G21, with a peak flux at 2.59 Eq/(cm 2 ϫ h) for G7. These results are supported by Estchmann et al. (17) and show rapid increases in J net-Na within 1 wk of dietary change. The G t for tissues assigned to the J MS-Na (quadratic; P ϭ 0.002) increased from 0.93 for CON to 1.39 mS/cm 2 for G21 with maximum G t at 1.53 mS/cm 2 for G7, while G t only tended (linear P ϭ 0.053) to increase for tissues assigned J SM-Na from 0.84 for CON to 1.42 mS/cm 2 for G21. The I sc for tissues assigned to J SM-Na increased (quadratic; P ϭ 0.004) from 0.04 for CON to 0.18 Eq/(h ϫ cm 2 ) for G21 with minimum I sc at Ϫ0.08 Eq/(h ϫ cm 2 ) for G14; however, I SC showed no change across diet treatments for J MS-Na (P Ն 0.209).
SCFA Flux
There was no interaction between the SCFA concentration imposed ex vivo (low vs. high) and the in vivo treatment (CON, G3, G7, G14, G21; P Ͼ 0.05), and thus, the results presented below focus on the main effects of dietary treatment and the subplot effect of SCFA concentration independently.
Effect of low and high SCFA concentration in vivo on SCFA flux. Total J MS-acetate and J MS-butyrate were greater when tissues were incubated in high (25 mM of each acetate and butyrate; P Ͻ 0.001; h) ; P ϭ 0.021] were nearly twice as large (1.74 and 1.97 times increase for acetate and butyrate, respectively) for high relative to low. However, the bicarbonate-independent, nitrate-sensitive pathway was not affected by ex vivo SCFA concentration for both J MS-acetate (P ϭ 0.130) and J MS-butyrate (P ϭ 0.773). J MS-acetate and J MS-butyrate were measured in the absence of bicarbonate and in the presence of nitrate to determine the portion of J MS-acetate and J MS-butyrate occurring through passive diffusion. The J MSacetate and J MS-butyrate were greater (P Ͻ 0.001) when buffers contained high compared with low acetate and butyrate concentrations, but the increase (2.7 and 2.2 times) was not as great as the increase in concentration of acetate and butyrate in the buffers (five times).
Effect of the number of days fed the moderate-grain diet on acetate and butyrate flux. The total J MS-acetate increased (cubic P ϭ 0.045; b Small papillae were classified as half or less than half of the size of the papillae based on papillae dimensions on each individual tissue.
c Large papillae surface area is the surface area of one side of the papillae multiplied by 2.
d Effective surface area is the large papillae surface area multiplied by the number of mature papillae/cm 2 . Table 6 . a Control calves (CON) received 91.5% chopped hay and 8.5% vitamin/mineral supplement. Calves assigned to G3, G7, G14, and G21 received a high energy diet consisting of 41.5% barley grain, 50% chopped hay, and 8.5% vitamin/mineral supplement for 3, 7, 14, or 21 days, respectively. JNa-MS, mucosal-to-serosal sodium flux; Gt ϭ tissue conductance; JNa-SM, serosal-to-mucosal sodium flux; JNa-net, net sodium flux based on mucosal-serosal and serosal-mucosal fluxes; positive flux indicates net ruminal release from ruminal epithelium to blood; Isc, short circuit current.
Effect of number of days fed a moderate-grain diet on the mucosal-to-serosal, serosal-to-mucosal, and net sodium flux across the isolated ruminal epithelia of Holstein calves (N/n ϭ 5/10)
[1.31 mol/(cm 2 ϫ h)] and then decreased to G14 [1.02 mol/ (cm 2 ϫ h)] and increased again to G21 [1.14 mol/(cm 2 ϫ h)]. In contrast to acetate, total J MS-butyrate increased linearly with advancing days on the MG diet (linear P ϭ 0.002; Table 8 ). The bicarbonate-dependent J MS-acetate and J MS-butyrate were not affected by treatment (P ϭ 0.993 and P ϭ 0.632, respectively). Bicarbonate-dependent nitrate-sensitive J MS-acetate and J MS-butyrate were also not affected by dietary treatment (P ϭ 0.222 and P ϭ 0.215, respectively); however, the bicarbonateindependent nitrate-insensitive J MS-acetate and J MS-butyrate increased (quadratic P ϭ 0.043 and 0.005, respectively) with maximal values for J MS-acetate and J MS-butyrate occurring on G7 and G14, respectively.
Epithelial Barrier Function
A previous study had reported that when sheep were fed increasing amounts of concentrate, resistance was increased, or sensitivity was reduced, in ruminal epithelial tissues to a hyperosmotic challenge (33) . However, rumen hyperosmolality occurs in combination with decreasing pH, and the effects of acidification and hyperosmolality differentially affect epithelial barrier function (41) . Thus, we tested whether the duration of time on the moderate-grain diet influenced the J SM-mannitol and G t and whether the susceptibility or responsiveness to a hyperosmotic (450 mosmol/kgH 2 O) and acidic (pH 5.2) challenge was affected. We did not observe an interaction between dietary treatment and ex vivo period (BASE, CHAL, and REC), and thus, the results presented focus on the Ussing chamber period effects and the main effects of diet.
Characterization of the response of the ruminal epithelia to a hyperosmotic and acidic challenge. During BASE, the J SM-mannitol was 0.48 mol/(cm 2 ϫ h), which increased to 1.44 mol/(cm 2 ϫ h) during CHAL and further increased to 1.89 mol/(cm 2 ϫ h) during REC (P Ͻ 0.001; Table 9 ). Similarly, G t increased (P Ͻ 0.001) from 1.91 for BASE to 4.83 for CHAL and 7.35 mS/cm 2 during REC. From BASE to CHAL, I sc increased from 0.01 to 0.30 Eq/(h ϫ cm 2 ; P Ͻ 0.001), and it decreased during REC, indicating that ion transport was markedly reduced.
Increasing the duration of time fed the moderate-grain diet did not improve barrier function. Although a past study had reported improved barrier function for sheep fed greater amounts of dietary concentrate (33), we observed an increase for J SM-mannitol (linear P ϭ 0.045) and G t (linear P ϭ 0.037) with increasing days fed the moderate-grain diet. From CON to G21, J SM-mannitol increased from 1.00 to 1.67 mol/(cm 2 ϫ h; Table 10 ) and G t increased from 3.06 to 6.44 mS/cm 2 , respectively. Dietary treatment had no effect on I sc (P Ն 0.455).
To evaluate whether responsiveness to the hyperosmotic and acidic challenge was affected by the duration of time fed the moderate-grain diet, we calculated the change in J SM-mannitol (⌬J SM-mannitol ) and the change in G t (⌬G t ) relative to that observed during BASE and from CHAL to REC. The ⌬J SM-mannitol from BASE to CHAL (⌬J SM-mannitol -BASE-CHAL ) increased linearly (P ϭ 0.028; Table 11 ); however, ⌬J SM-mannitol from CHAL to REC (P Ն 0.176) or BASE to REC (P Ն 0.102) did not differ among treatments. The ⌬G t from BASE to CHAL (⌬G t-BASE-CHAL ) tended to increase linearly from CON to G21 (P ϭ 0.052; Table 11 ). From CHAL to REC, ⌬G t increased linearly (⌬G t-CHAL-REC ; P ϭ 0.013), as did ⌬G t for BASE to CHAL (⌬G t-BASE-REC ; P ϭ 0.012). These data suggest that increasing the duration of time fed the moderate-grain diet did not improve resistance or reduce tissue sensitivity to an induced challenge ex vivo and supports recent in vivo results (47, 48) and the notion that short-term exposure to more fementable diets compromises barrier function (29, 31) .
Gene Expression
Duration of time fed the moderate-grain diet affected the expression of IL-1␤, which increased (linear P ϭ 0.014) from 1.00 for CON to 1.54 for G21 (Table 12) , whereas mRNA expression for other inflammatory proteins IL-4, IL-8, IL-10, IL-13, and IL-22 were not affected (P Ͼ 0.100). Moreover, TNF-␣ was not affected by the duration of time calves were fed the moderate-grain diet (P Ն 0.158). Toll-like receptor 2 tended to increase (linear P ϭ 0.062) from 1.00 for CON to 3.66 for G21, while TLR-4 was not affected (P Ն 0.406).
The fold change of IGFBP-5 decreased (cubic; P ϭ 0.010) from 1.00 for CON to 0.36 for G21, while IGFBP-3 was not affected by diet treatment (P Ն 0.120). The Na ϩ /H ϩ exchangers, NHE1 and NHE3, both tended to decrease in expression with increased duration consuming the moderate-grain diet (quadratic P ϭ 0.058 and cubic P ϭ 0.061, respectively), which is not reflected by the pattern for J net-Na that was observed. Comparatively, G-coupled protein receptors, GPR41 and GPR43, tended to increase expression from CON to G21 (cubic P ϭ 0.096 and linear P ϭ 0.054, respectively), while genes involved in energy metabolism and basolateral metabolite transport, namely, acetyl-CoA acetyltransferase (ACAT) and monocarboxylate transporter-1 (MCT1) were not affected by treatment (P Ն 0.260 and P Ն 0.369, respectively).
DISCUSSION
The hypothesis for this study was that the rate of ruminal epithelial adaptation to a moderately fermentable diet would occur rapidly, with functional changes (increases in proteinmediated movement of SCFA, increases in transport of sodium, and improved barrier function), occurring in the absence of increases in the absorptive surface area of the ruminal epithelium. Our hypothesis was partially confirmed, as we observed rapid increases for Na ϩ and SCFA absorption without corresponding changes for the absorptive surface area. However, the increase in absorption for SCFA corresponded to increases in passive diffusion rather than protein-mediated transport. Moreover, we did not observe any improvements in epithelial barrier function, suggesting that the adaptive response for ruminal epithelial barrier function requires more than 21 days (30) or does not improve with increased concentrate (29, 31) . It should be noted that the sites of measurement for flux (caudal dorsal blind-sac) and surface area (ventral sac) differed. It is not expected that the site would influence the response given that past work has shown no differences in cell activity among regions of the rumen (59) and that G t and mannitol flux were not affected with advancing days on feed in the current study.
The ruminal epithelium adapts to dietary change in two manners: through changes in individual cell activity [functional adaptation (17, 42) ] and alterations in ruminal epithelial sur- a Ex vivo periods: BASE, initial flux period; CHAL, hyperosmostic and acidotic challenge by addition of 0.41 g mannitol and 200 l gluconic acid on mucosal side; REC, mucosal buffer drained following challenge and replaced with fresh buffer. JSM-mannitol, serosal to mucosal mannitol flux; Gt, tissue conductance; Isc, short circuit current.
b Mean values with differing superscripts (x,y,z) are significantly different (P Ͻ 0.05). a Control calves (CON) received 91.5% chopped hay and 8.5% vitamin/mineral supplement. Calves assigned to G3, G7, G14, and G21 received a high-energy diet consisting of 41.5% barley grain, 50% chopped hay, and 8.5% vitamin/mineral supplement for 3, 7, 14, or 21 days, respectively. face area through hyperplasia and hypertrophy (7, 16) . It is currently suggested that functional adaptation precedes morphological adaptation (17) ; however, few studies have evaluated functional adaptation, and the underlying mechanisms are largely unknown. For example, while Etschmann et al. (17) reported a rapid and marked increase in J net-Na within 1 wk after providing a more fermentable diet, they did not measure epithelial surface area and papillae density, and, therefore, cannot confirm whether their results were independent of morphological adaptation. However, they did report that dry weight of the tissue was not affected, and hence, it is unlikely that surface area changed. In the current study, functional activity of the ruminal epithelium was determined by measuring J MS-acetate , J MS-butyrate , J net-Na , and J SM-mannitol transport rates and mRNA expression for proteins postulated to be involved in dietary adaptation and inflammatory responses. As well, the extent to which individual J MS-acetate and J MS-butyrate transport pathways were utilized was quantified. Furthermore, morphological measurements of epithelial surface area were quantified to verify whether the responses observed may be attributable to the absorptive surface area or whether they were an indication of functional adaptation.
Following dietary shift from the high-forage to moderategrain diet, reticular pH decreased in a quadratic manner with an initial reduction followed by a gradual increase in pH with advancing days on feed. Similarly, Steele et al. (55) reported an initial reduction in ruminal pH followed by a gradual increase when dairy cattle were abruptly transitioned to a more fermentable diet. Given that SCFA absorption is strongly related to ruminal pH (40) , it could be expected that the marked increase in J MS-acetate and J MS-butyrate on G7 helped to stabilize pH. However, it is also possible that the rumen microbial communities were adapting to the change in substrate supply and may account for a portion of the response.
Despite changes in reticular pH with advancing days on the moderate-grain diet, we did not observe differences for total SCFA concentration. While this was unexpected, it is likely a result of the timing of sampling. On the basis of reticular pH curves, it appears that fermentation was maximized between 3 and 7 h postfeeding. However, in our study, calves were killed 2 h postfeeding and rumen fluid was collected at that time. Thus, it is likely that our sampling time point occurred prior to maximal ruminal fermentation and, thus, diminished the ability to detect treatment differences for SCFA concentration. That a Control calves (CON) received 91.5% chopped hay and 8.5% vitamin/mineral supplement. Calves assigned to G3, G7, G14, and G21 received a high-energy diet consisting of 41.5% barley grain, 50% chopped hay, and 8.5% vitamin/mineral supplement for 3, 7, 14, or 21 days, respectively. ⌬Gt-BASE-CHAL, change in tissue conductance 30 min after mucosal acidotic and hyperosmotic challenge minus change in tissue conductance before mucosal hyperosmotic and acidotic challenge. ⌬Gt-CHAL-REC, change in tissue conductance 30 min after buffer exchange minus change in tissue conductance before buffer exchange. ⌬Gt-BASE-REC, change in tissue conductance 30 min after buffer exchange minus change in tissue conductance before mucosal hyperosmotic and acidotic challenge. said, changes in the molar proportion of individual SCFA were evident. As could be expected, when feeding diets containing a greater proportion of starch, we observed a reduction in the molar proportion of acetate (45, 59) , and, correspondingly, an increase in butyrate. These data confirm that an abrupt dietary change and adaptation to that diet involves shifts in rumen fermentation, a critical aspect of our model to evaluate functional adaptation.
Maximal ruminal epithelial surface area has been shown to occur 4 to 6 wk after an increase in dietary fermentability for dairy cattle (7, 16) and goats (53, 61) . The short timeframe imposed in the current study (maximum of 3 wk) allowed for evaluation of functional adaptation. We provided further evidence that functional adaptation of the ruminal epithelium occurs with a lack of differences among treatments for papillae surface area and the effective surface area. It is acknowledged that the density of large papillae increased, although this had no effect on total absorptive surface area. Thus, we interpret these findings to indicate that changes in the J MS-acetate , J MS-butyrate , J net-Na , and J SM-mannitol , as well as the corresponding changes in G t were due to functional changes rather than changes influenced by surface area enlargement.
Supporting the results obtained by Etschmann et al. (17), we observed a rapid and marked increase in J net-Na with a 31% increase within 3 days and a 125% increase within 7 days. These values are comparable to the 73% increase in J net-Na reported by Etschmann et al. (17) within 1 wk of dietary change. Interestingly, J net-Na decreased from G7 to G21 due to a reduction in J MS-Na and an increase in J SM-Na . The reasons for the reduction after G7 are not clear, especially considering that the relative expression of mRNA for NHE1 and NHE3 tended to increase during this timeframe. A discrepancy between the expression of NHE1 and NHE3 and J net-Na was also evident between CON and G7, as we observed a reduction for mRNA expression, while J net-Na increased. The latter results differ from previous studies showing that exposure to concentrate increased the expression of NHE1 and NHE3 by 20 and 25%, respectively compared with goats not offered concentrate (63) . However, no studies known to the authors have measured both functional activity and expression of NHE1 or NHE3 in the same rumen tissue, suggesting that the increase in mRNA abundance for NHE1 and NHE3 may not correlate well to functional characteristics. Others have also reported no effect of diet on the abundance of NHE1 (43, 46) and NHE3 (43) . In addition, mRNA expression for NHE1 and NHE3 is affected by changes in fermentation intensity with lower expression for goats killed 16 h after feeding relative to those killed 2 h postfeeding (63) . Thus, an alternative explanation for the lack of correlation between J net-Na and mRNA abundance for NHE1 and NHE3 could be that our sampling time point occurred prior to maximal mRNA abundance despite observed increases for functional activity. Others have also reported that NHE1 expression was not affected by diet fermentability, even when SCFA transport rates were affected (43) . This may indicate that mRNA abundance may not be particularly revealing, especially given that NHE1 regulation occurs on the cytosolic domain, where several protein kinases have shown to phosphorylate specific amino acid sites and, thereby, activate (e.g., protein kinase p160ROCK) or inhibit (e.g., protein kinase B) NHE1 activity (3). Additionally, it should be recognized that NHEs are not the only transporters involved in Na ϩ absorption and, thus, the lack of correlation may be reflective of the contribution of other transporters toward Na ϩ absorption. Sodium transport across the ruminal epithelium is well characterized (17, 21, 24, 52, 53) and is driven by the Na ϩ / K ϩ -ATPase located on the basolateral membrane (27) . Several factors influence Na ϩ transport, including luminal osmolality (49), SCFA concentration (52) , and, more recently, it has been demonstrated that IGF-1 acutely stimulates Na ϩ transport (53) . However, in the current study, mRNA abundance of IGFBP5 was downregulated, and IGFBP3 was not affected by increasing days fed the moderate-grain diet. Although these receptors influence epithelial growth (18, 54) , IGF also acutely stimulates Na ϩ absorption in the rumen (53) . This opposes results previously showing upregulation of IGFBP5 within 1 wk of abrupt grain adaptation in mature nonlactating dairy cows (55) , and as early as 4 days after inducing a grain challenge in second-lactation dairy cows (56). Sehested et al. (52) reported a positive correlation between J net-butyrate and J net-Na . The indirect coupling between J net-butyrate and J net-Na can be attributed to the requirement for removal of H ϩ from the cytosol to prevent intracellular acidification with passive diffusion of SCFA (6, 23) and perhaps a stimulatory effect of butyrate metabolism on cell ATP status, thereby, increasing Na ϩ /K ϩ -ATPase activity. Indeed, in addition to the increase for J net-Na , we observed increases for both J MS-acetate and J MS-butyrate . We interpret this finding to indicate that SCFA transport serves as the driving factor promoting J net-Na by 1) providing a fuel source for generation of ATP, and 2) by promoting Na ϩ absorption to regulate intracellular pH, or a combination of both. While the above speculation is supported by the increase in the bicarbonate-independent nitrate-insensitive J MS-acetate and J MS-butyrate flux with advancing days on the moderate-grain diet, the lack of differences for the abundance of mRNA encoding for ACAT and MCT1 is not supportive of the above speculation. However, several other studies have also reported no differences for ACAT and MCT1, with large differences in dietary fermentability (34, 56) , despite ACAT and MCT1 being potential regulators of ketogenesis (43) and basolateral export (13), respectively.
Known mechanisms for SCFA uptake by the ruminal epithelium include bicarbonate-SCFA anion exchange, passive diffusion, and a bicarbonate-independent nitrate-sensitive pathway (4, 6, 40, 52) . Basolateral extrusion mechanisms for SCFA into portal circulation include bicarbonate-SCFA anion exchange (6, 13), a SCFA-permeable conductance channel (57), and cotransport with H ϩ via MCT1 (6, 26, 35) . The mechanism of transport is thought to affect stabilization of ruminal pH. Lipophilic diffusion of SCFA results in the removal of a H ϩ bound to SCFA but also increases the expression of NHE (63) and Na ϩ absorption (52) . Given that both localization and functional activity support the role of NHE3 in electro-neutral Na ϩ uptake (44), it is expected that a portion of the H ϩ initially removed from the rumen during passive diffusion of SCFA may be recycled back into the rumen (6, 19) as an approach to regulate intracellular pH. However, this also indicates that when the H ϩ is recycled back into the rumen, passive diffusion of SCFA does not contribute to stabilization of ruminal pH (6) . In contrast, absorption of SCFA through SCFA Ϫ /HCO 3 Ϫ exchange would result in the supply of a buffer to the rumen, thereby, buffering pH through the removal of a H ϩ via the carbonic anhydrase reaction (6) . Supporting the latter state-ment, it has been estimated that there is 0.51 to 0.53 mole of HCO 3 Ϫ secreted for each mole of SCFA absorbed (20) . In the present study, we evaluated the J MS-acetate and J MS-butyrate and partitioned that flux into bicarbonate-dependent, bicarbonateindependent nitrate-sensitive, and bicarbonate-dependent nitrate-insensitive flux, as described by Aschenbach et al. (4) and Penner et al. (40) . For the first time, we have shown that of the mechanisms involved in J MS-acetate and J MS-butyrate , passive diffusion was the primary mechanism influencing the increase in flux with advancing days on feed. It is important to note that although we are attributing the response to increase flux of acetate and butyrate, our measurement approach does not allow us to differentiate between 3 H-acetate and 14 C-butyrate and their metabolites. Thus, the increase in flux observed could be a result of greater transport, greater flux of their metabolites, or both. Regardless, these results indicate a greater capability for SCFA removal from the rumen.
We have also confirmed that an increase in SCFA concentration does not equate to a proportional increase in the rate of SCFA absorption (4) . Past studies have reported that that increasing the concentration of acetate from 0.5 to 10 mM only increased the rate of acetate uptake from ϳ1.1 to 14 nmol/(mg protein ϫ min) and further showed that changing the acetate concentration from 10 to 60 mM only resulted in a change in acetate uptake from ϳ10 to 38 nmol/(mg protein ϫ min). Dijkstra et al. (14) also reported an increase in SCFA absorption with increased SCFA concentration but that the increase was not linear (decreases with increasing concentration). In the current study, increasing the concentration of acetate and butyrate by five times only resulted in an increase in the flux rate of 1.96 times on average. Thus, while the increase in total SCFA absorption is concentration-dependent, the slope of the response is less than 1 showing saturation and supporting that a significant proportion of SCFA absorption occurs via facilitated transport (6) .
Barrier function decreased with increasing time that calves consumed the moderate-grain diet, as illustrated by increases in G t , J SM-mannitol , and J SM-Na . It has been observed that diets high in fermentable carbohydrate challenge barrier function of the ruminal epithelium (29, 31, 55) . Rapid ruminal carbohydrate fermentation, and subsequent increases in SCFA concentration, increased osmolality (33) , and low pH (5, 41, 62) caused tight junction proteins and gap junctions in the ruminal epithelium to break down, leading to increased paracellular permeability (31) . However, results from the current study differ from previous work in which ruminal epithelia from concentratesupplemented sheep had less change in G t when exposed to hyperosmotic conditions than epithelial tissue from forage-fed sheep (33) or lower G t under basal incubation conditions (17) . The discrepancy between the current study and that of Lodemann and Martens (33) may be due to the duration of time fed the additional concentrate and type of concentrate used. However, it appears that duration of time fed the moderate-grain diet may be the most plausible explanation as Etschmann et al. (17) also reported an initial increase in G t corresponding to the timeline used in the current study. Collectively, this suggests that an abrupt increase in diet fermentability coupled with short-term feeding (Ͻ21 days) negatively affects the barrier function of the rumen epithelium.
Following the ex vivo mucosal hyperosmotic and acidotic challenge, barrier function was reduced on the basis of the observed increases in G t and J SM-mannitol . The reduction in barrier function is in agreement with earlier Ussing chamber studies, where hyperosmotic and acidotic challenges were imposed on rumen epithelia (33, 41, 49, 62) . Furthermore, when the mucosal solution was drained and replaced with buffer solution simulating normal physiological conditions, G t and J SM-mannitol were not reversible. Previous findings have also shown a lack of recovery of G t following an ex vivo acidotic challenge (41, 62) . Other studies suggest the increase in G t under high osmotic pressure ex vivo returns to baseline values after physiological mucosal osmotic pressure is reimposed (33, 41, 49) . In the latter studies, an acidotic challenge was either not carried out and, thus, pH of both the control and hyperosmotic mucosal buffer solutions were 7.3-7.5 (33), or the acidotic challenge was performed separately from the osmotic challenge (41) . It is speculated that the addition of the acidotic challenge to hyperosmolality may have caused the nonreversible damage to the epithelia.
Supporting the reduction in barrier function with advancing days on the moderate-grain diet, IL-1␤, a proinflammatory cytokine (15) , showed greater expression with increasing days fed the moderate-grain diet. We also observed an increase in the expression of GPR41 and GPR43 and speculate that activation of GPR41 and GPR43 via increased ruminal SCFA concentration may have promoted an inflammatory response (37) , and the subsequent increase in epithelial permeability. Although there is a paucity of information on the expression of IL-1␤ during dietary adaptation in ruminants, IL-1␤ has been shown to increase the permeability of intestinal tight junctions of Caco-2 cells (2). If IL-1␤ acts similarly in the ruminal epithelium, it may play a role in reducing barrier function. Inducers of IL-1␤ expression in the gut include hyperosmolarity, T and B cells, and other interleukin proteins (15) , indicating that these factors may have played a role in IL-1␤ upregulation in calves fed grain for a longer duration. Additionally, TLR2, responsible for recognizing bacterial byproducts and initiating an innate immune response (1), tended to increase with duration when fed the grain diet. Recently, mRNA for TLR2 and TLR4 had greater expression in acidosis-resistant relative to acidosis-susceptible steers, suggesting that acidosisresistant steers may have a lower inflammatory response or have greater immunity (12) . In the current study TLR2 had greater expression as duration consuming the grain diet increased. Therefore, reduced barrier function may be present, but higher expression of TLR2 could indicate elevated immune response activation for calves consuming grain for a longer duration.
Corresponding to increased J MS-acetate and J MS-butyrate as the time consuming grain increased, there was a tendency for an increase in the mRNA for GPR43 and a tendency for increased expression of GPR41. The potency of acetate, propionate, and butyrate are equivalent as agonists for GPR41 and GPR43 (9); therefore, the increase in ruminal butyrate and propionate with advancing days fed the moderate-grain diet may have initiated the increase in expression of these receptors. Furthermore, GPR41 and GPR43 may play a role in mediating rumen epithelial growth by regulating SCFA absorption via cAMP (21) . Recently, GPR43 upregulation was reported in bovine neutrophils treated with propionate (10), suggesting propionate is a strong stimulant of the immune response in bovine tissue, supporting previous speculation (60) . The increase in ruminal propionate concentration with increasing duration fed the highgrain diet in the current study may, therefore, have stimulated upregulation of GPR41 and GPR43 in the ruminal epithelium.
Perspectives and Significance
In summary, J MS-acetate , J MS-butyrate , and J net-Na across the ruminal epithelium increased following an abrupt change to a moderately fermentable diet, with the increases in J MS-acetate and J MS-butyrate attributed to increased passive diffusion. Interestingly, the increases in epithelial activity were shown to be independent of effective surface area, supporting the hypothesis that functional adaptation occurs prior to morphological adaptation. However, barrier function of the ruminal epithelium was reduced by the moderate-grain diet, as indicated by increased J SM-mannitol , tissue conductance, as well as upregulation of inflammatory response proteins. In the future, a greater understanding of the reliance on individual SCFA transport pathways, the relationship between functional adaptation and surface area proliferation and expression of regulatory genes initiating changes in cell activity within the ruminal epithelium will enhance knowledge of dietary adaptation and strategies to improve feeding management in ruminant production systems.
